Abstract Oxidation of S(IV) to S(VI) in the effluent of a flue gas desulfurization(FGD) system is very critical for industrial applications of seawater FGD. This paper reports a pulsed corona discharge oxidation process combined with a TiO2 photocatalyst to convert S(IV) to S(VI) in artificial seawater. Experimental results show that the oxidation of S(IV) in artificial seawater is enhanced in the pulsed discharge plasma process through the application of TiO2 coating electrodes. The oxidation rate of S(IV) using Ti metal as a ground electrode is about 2.0×10 −4 mol · L −1 · min −1 , the oxidation rate using TiO2/Ti electrode prepared by annealing at 500
Introduction
Sulfur dioxide is one of the most important pollutants in the atmosphere. In China, the largest sources of SO 2 emissions are from fossil fuel combustion at power plants. For coal-fired power plants, sulfur dioxide control technologies mainly contain three steps: desulfurization before combustion, combustion desulfurization, and flue-gas desulfurization, among which the flue-gas desulfurization is the most widely used method. A common flue-gas desulfurization system includes wet limestone-gypsum, spray-drying, absorption-regeneration, and seawater flue gas desulfurization (FGD) [1] . The process of seawater FGD utilizes seawater as the absorbent of SO 2 in the flue gas. The main absorption and oxidation process is as follows [2, 3] :
SO 3 2− (aq) + 1/2O 2 (aq) −→ SO 4 2− (aq)
HSO 3 − (aq) = H + (aq) + SO 3 2− (aq)
HSO 3 − (aq) + 1/2O 2 (aq) −→ HSO 4 − (aq)
Because FGD technology does not need any additive and has no yield of waste, it is characterized as simple and reliable process with low operational cost. Based on the simulated experiment and projects of seawater FGD in the power plants along the coast, the main problems in the application of seawater FGD are high energy consumption and large area occupation [4] . Efficient rapid oxidation of SO 2 absorbed in seawater will be the focus of seawater FGD in the future.
In recent years, non-thermal plasma, especially pulsed high voltage discharge plasma, has been developed as a new type of advanced oxidation water treatment technology in dealing with serious environmental problems, including wastewater treatment [5∼10] . Pulsed high-voltage discharge above water combines gas phase and liquid phase discharge and produces many active species [11, 12] , such as ozone, hydroxyl radicals, hydrogen radicals, superoxide radicals, etc. The production of active species enhances not only the removal rate of pollutant but also the energy yield of the electric source. In this paper, with an aim of increasing the oxidation efficiency of S(IV) absorbed in artificial seawater, we sintered nanosized TiO 2 on a Ti sheet to serve as the ground electrode and incorporated it into the plasma oxidation system. The TiO 2 /Ti electrode (TiO 2 film electrode) was chosen to sufficiently utilize the ultraviolet light radiation (wavelength λ = 270 ∼400 nm) produced during the pulse discharge plasma process [13] . As is widely known, TiO 2 catalysts have been extensively applied in advanced oxidation technologies (AOTs) and are regarded as photocatalysts with photochemical and photoelectrochem- * supported by National Natural ical properties [14∼19] . In most previous studies on the utilization of TiO 2 catalysts, TiO 2 powders were utilized, however, TiO 2 powder is very difficult to recover and can lead to material waste. There were no reports about pulsed high voltage discharge plasma processes in combination with a TiO 2 /Ti electrode for the oxidation process. There are several advantages of using annealing prepared TiO 2 /Ti thin films as photocatalysts. First, they can be easily prepared as compared with other thin film growth methods. Second, they can be easily recovered and reused many times. Thirdly, the TiO 2 thin films prepared through annealing Ti metal normally show preferential orientation growth (< 110 > oriented in this case) which might enhance the activity of the photocatalysts [20] . The aims of this paper are to explore the optimum catalytic condition for efficient oxidation of S(IV) to S(VI) in artificial seawater by incorporating a TiO 2 /Ti electrode into a pulsed high voltage discharge plasma system, and to explore a possible mechanism by comparing the variation of the amounts of chemically active species (i.e. OH·, H·, O·, HO 2 ·, etc.) with and without a TiO 2 catalyst in such oxidation process. At the same time, the multi-needle-plate wetted wall reactor was also used for its high energy efficiency and radical-production, as compared with the routine plate reactor [21, 22] . Furthermore, emission spectroscopy was adopted to study the radicals and active species produced in the discharge plasma catalytic process.
Experimental setup

Plasma reactor system
A schematic diagram of the reaction system is shown in Fig. 1 . The system consisted of a reactor and a pulsed high-voltage power supply. The reactor utilizes needle-plate electrodes, with a separation distance of d=15 mm, placed at the center of a Plexiglass vessel with dimensions of 120 mm×120 mm×150 mm. The high voltage electrodes were 24 stainless steel needles (φ=1 mm) screwed averagely on three aluminous sticks (10 mm×10 mm×100 mm) with the tips sharpened and rounded. The ground electrode was titanium/titanium-titanium dioxide sheet plugged into the grooves adhered to the reactor. Quartz windows were cut on the two sides of the reactor that were vertical with the ground electrode for detecting the light emitted during the discharge process. The sulfite solution (1400 mL) from the container was pumped to the plasma reactor at an appropriate flow rate to form a smooth film (thickness of 1.32 mm) on the ground electrode surface. The discharge occurred in the air gap between the high voltage electrode and the solution film. The sulfite solution was prepared via artificial seawater with the composition shown in Table 1 . In order to get much closer to practical industrial conditions, the experiments were carried out under the initial sulfite concentration of 1.70 mmol L −1 and the pH value was adjusted to 3.0 [23] . Sulfite ions, namely SO 2− 3 , HSO − 3 , were titrated in iodine solution by using dextrin solution as an indicator. Details of the method are listed in the national standard [24] . The pH value of the solution was measured by using a pH meter (LEX BJ-260). The pulsed high voltage power supply adopted in the present study is shown in Fig. 2 . The applied voltage could be adjusted between 0∼40 kV with frequency of 0∼250 Hz, rise time 150∼200 ns. The output waveforms of pulsed voltage and current from the HV pulsed supply to the reactor were measured with a digital oscilloscope (Tektronix TDS 1012) with a high voltage probe (Tektronix p6015A) and a current probe (P150-GL/5 k, 1/5000) produced by the Japanese Hydrainzin company. In the experiment, the operating parameters of the power supply were: input voltage 34 kV, pulsed repetition rate 100 Hz, rise time 150 ns. Fig. 3 and Fig. 4 present typical waveforms of the pulsed voltage and current, and an actual image of the pulsed high voltage spark discharge in the multi-needle-plate wetted-wall reactor, respectively. Energy efficiency (G) was obtained by using the formula below [25] :
where X 0 (mol/L) is the initial concentration at t = 0, X t is the concentration at time t(s), V is the solution volume (L), f is the frequency (Hz), and the unit of G is mol/J. E p is the pulse energy from pulse-forming capacitance (J/pulse), and obtained by the following formula [26] :
where C is capacitance of the pulse-forming (20 nF), and U is the voltage (V). Emission spectroscopic analysis was used to identify the chemically active species so as to further explain the enhanced effects of TiO 2 addition on oxidation of S(IV). The experimental conditions were kept unchanged during the detection of the spectra, except for the material of the electrodes. The light emitted by the reactive species formed in the gas-liquid plasma was collected with an optical fiber which was located 1 mm in front of a quartz window on the reactor and parallel to the tips of needle electrodes. The emission spectrum was measured using a spectrograph (AVA Spectrolight DH-CAL, Avantes B.V. Holland). All the emission spectra displayed in this paper have the same intensity scale in number of CCD counts.
Preparation of the TiO 2 /Ti electrode materials
A titanium sheet (1.0 mm thick, 99.9% purity, Kurumi Works, Japan) was cut into pieces of 100 mm×100 mm (sample A) and 10 mm×30 mm (sample B), polished by 1 µm diamond paper, chemically etched with 3/1 (v/v) of HNO 3 (68%)/HF for 15 s, and then fully rinsed with double-distilled water, and dried at room temperature. Samples were oxidized in a furnace in air as follows: increased from room temperature to 500
• C, 600
• C, 700
• C, 800
• C, separately at the rate of 5
• C/min, and then held at this temperature for 1 h and cooled to room temperature to obtain photoelectrodes. Photoelectrodes A and B were used for the photo-oxidation of S(IV) and photo-electrochemical measurements, respectively. In the pulse discharge plasma process for oxidation of S(IV), the electrodes were made into electrical contacts by winding steel wire on their topsides. The morphologies of the electrodes were studied using a field emission scanning electron microscope (PHILIPS, Netherlands, Sirion 200). X-ray diffraction spectra of the films were captured in a θ ∼ 2θ and parallel mode (2θ varied from 20
• to 80
• with Cu Kα radiation) using a Bruker XRay diffractometer. Data was collected at a scan step of 0.02
• and at 40 kV and 40 mA.
3 Results and discussion
Characteristics of the TiO 2 /Ti electrode
Fig . 5 shows the XRD results of the TiO 2 /Ti electrodes produced by annealing at different temperatures in air. The principal peaks in the spectra of TiO 2 were identified as rutile phase with (110) preferential orientation [27] . No anatase phase was found in the electrodes. HARTIG et al. [28] have obtained the same results for TiO 2 formed thermally in air or oxygen atmosphere. From the half width of TiO 2 (110) peak using the Scherrer formula, the crystallite size of TiO 2 films was estimated as
where D is the crystallite size in nm, the radiation wavelength λ is 0.154178 nm for Cu Kα, β is the corrected half width of TiO 2 (110) peak, and θ is the TiO 2 (110) peak position. The calculated crystallite size was about 15 nm, 20 nm, 45 nm and 75 nm for TiO 2 electrodes prepared by annealing in air at 500 • C, 600
• C and 800
• C, respectively. Fig. 6 shows the morphologies of TiO 2 /Ti electrodes and they are quite smooth and dense. 
Comparison of air and plasmainduced oxidation
In order to distinguish the effects of air oxidation from the plasma-induced oxidation, two experiments were performed. Based on the literatures [3, 5] , the air experiment was carried out by bubbling compressed air into the solution. The composition of the solution used in both two experiments was the same, namely, pH value of 3.0, concentration of S(IV) of 1.70 mmol/L and flow rate of 40 L/h. From Fig. 7 , it is shown that the air oxidation rate was approximately 1×10
−5 mol · L −1 · min −1 , which was consistent with that reported by VIDAL and OLLERO [29] . In contrast, with the use of plasma, the oxidation rate
It was obvious that the plasma-induced oxidation was much faster than the air oxidation. From Fig. 8 , it can be seen that the oxidation rate with Ti metal as the ground electrode was about 2×10 −4 mol·L −1 ·min −1 , however, the oxidation rate with TiO 2 /Ti ground electrode, which was prepared by annealing at 500
• C in air, reached 4.5×10 −4 mol·L −1 ·min −1 , increased by 40.7%. It was obvious that the plasma-induced oxidation using TiO 2 /Ti electrode was much faster than that using a Ti electrode. The oxidation rate also depends on the annealing temperature in preparing the TiO 2 /Ti electrodes. The lower the annealing temperature, the higher the oxidation rate. This is because a much smaller crystallite size of TiO 2 can be obtained at lower annealing temperature. It is known that the smaller the crystallite size of the TiO 2 crystals, the higher the surface area of the nanocrystals and the much higher the catalytic activity. Table 2 summarizes the crystallite size parameters and the energy efficiencies of S(IV) oxidation for different TiO 2 /Ti electrodes. The treatment time is 35 min. Table 2 illustrates that the energy efficiencies achieved in the plasma/TiO 2 system are higher than that in the bare plasma system. In addition, the energy efficiencies of S(IV) oxidation increases with the decrease of the TiO 2 crystallite size. 
Emission spectra of active radicals
To explain the enhanced effect of TiO 2 addition for the oxidation of S(IV) in seawater, spectroscopic measurements were performed for the seawater (pH=3.0, [S(IV)] =1.70 mmol/L, water flow rate=40 L/h) discharges. The optical emission spectra were acquired in the plasma formed over seawater for both Ti and TiO 2 electrodes, as shown in Fig. 9 (a) and (b). In the electrical discharges over water the hydroxyl radicals, oxygen and hydrogen excited atoms and molecules were investigated by optical emission spectroscopy. The lines were identified by comparison with a variety of resources [30∼34] . The lines in the short wavelength region were due to hydroxyl radicals OH ( 2 Π(ν = 1)λ=313.8 nm) was also detected when the TiO 2 electrodes were used in the seawater plasma system.
Because of its high oxidation potential (2.8 V), the OH radical is considered to be one of the most important species for the conversion of S(IV) in seawater in pulsed discharge plasma systems as well as in discharge plasma with the application of TiO 2 [4] . The possible reason that more hydroxyl radicals were formed in the presence of TiO 2 in pulsed discharge plasma system and the enhancement of the conversion rate of S(IV) in seawater might be explained by the following reactions (Eqs. (8)∼(11)) [35] :
Here, hν is ultraviolet light radiation (wavelength λ= 270∼400 nm) produced during the pulse discharge plasma process, h + −e − is the photogenerated hole and electron pairs, h + vb is the left holes in the valance band of TiO 2 conductor, e − cb is the excited electrons in the conduction band of TiO 2 semiconductor, and ·O − 2 is the super oxygen radical, and OH· is hydroxyl radicals. At the same time, high energy electrons produced in a pulsed discharge electric field can also collide with ambient gas molecules, initiating excitation, dissociation, electron capture or ionization [15] , as listed in the process below (Eqs. (12)∼(15))
[36∼38] :
The enhanced oxidation S(IV) in seawater by pulsed discharge plasma process in the presence of the photocatalytically active TiO 2 could be attributed to the following process (Eqs. (16)∼ (20)) [39, 40] : 
As mentioned above, it is expected that the pulsed discharge plasma process in the presence of the photocatalytically active TiO 2 is very effective to generate more chemically active species (i.e. OH radicals and the oxygen radicals), which is attributed directly to the utilization of ultraviolet radiation from plasma channels and leads to enhanced oxidation S(IV) in seawater.
Conclusions
In this work, a pulsed corona discharge oxidation combined with application of a TiO 2 photocatalytic process to convert S(IV) to S(VI) in artificial seawater was explored. Conclusions can be made as follows.
a. The oxidation rate of S(IV) in seawater is enhanced in the pulsed discharge plasma process through application of TiO 2 coated electrodes.
b. The annealing temperature in preparing a TiO 2 /Ti electrode has a strong influence on its effect on the oxidation of S(IV) in seawater. This is because a much smaller crystallite size of TiO 2 can be obtained at 500
• C. c. The pulsed discharge plasma process in the presence of TiO 2 has synergetic effects to generate more chemically active species (i.e. hydroxyl radicals and oxygen radicals) and leads to efficient oxidation of S(IV) in artificial seawater.
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